Light condition is a fundamental environmental factor for high-quality plant production. In this paper, we discuss how light condition affects fruit development in the long and short term, and attempt to clarify management methods for active fruit development under conditions of low solar radiation, by using quantitative research on fruit water and carbon balance during greenhouse cultivation of Satsuma mandarin (Citrus unshiu Marc.). A significant decrease in yield due to shading was not detected, but we confirmed that shading treatment affected the dry weights of source-sink units, fruit volume, increase in volume of the fruits, and fruit quality parameters, such as sugar accumulation, acid content, and rind color. Qualitatively, the carbon balance of Satsuma mandarin fruit is comparable to that of tomato fruit or rice panicle, but quantitatively, the carbon balance of Satsuma mandarin fruit may differ, as shown by low sink relative growth rate. In addition, fruit growth parameters such as translocation rate for a fruit and fruit relative growth rate showed significant positive correlations with dark respiration, despite the shading treatment. The fruit carbon demand may be simply described by fruit dark respiration as the sum of new photosynthetic carbon and stored carbon translocation for a fruit.
INTRODUCTION
Light condition is a fundamental environmental factor for high-quality plant production. Over the long term research, tomato yield under single-truss cultivation was strongly correlated with total light received from anthesis to harvesting (McAvoy et al., 1989) . Yield was reduced by shading (Cockshull et al., 1992) , but shading affected the yield inconsistently (Russo, 1993) . In strawberry, integrated photosynthesis increased the yield by optimizing the vertical motion of beds (Hidaka et al., 2012) . However, at short term research during active fruit-growth stage, irradiation clearly enhanced fruit growth and photoassimilate translocation in tomato (Pearce et al., 1993; Kitano et al., 1998) . It is well known that shading conditions often negatively affect the quality of harvested produce, in crops or fruits.
In greenhouse cultivation, high-volume production of plants is desired, but under conditions of low solar radiation, such as during winter or on cloudy days, carbon metabolism is often highly restricted. For example, the main cropping type of greenhouse Satsuma mandarin, harvested in summer, must be activated fruit development in winter and spring under conditions of low solar radiation. In addition, greenhouse farmers are forced to cover the ceilings with multiple layers of vinyl to save energy, despite the reduction in solar radiation. It is very important to the production of high-quality fruits to research both cumulative long-term and diurnal effects of solar radiation on fruit development in mature trees, because such reports are available mainly for vegetables, and not for fruits.
In Satsuma mandarin fruit development, from 10 to 30 days after full bloom (DAFB), fruit drop occurs because of competition from new-generated sink organs (mainly young fruit and new buds). This competition is often increased by environmental factors, such as high temperatures or cloudy conditions. After fruit drop, various dynamic changes have been observed or reported in relation to fruit development, cell division and growth, stalk diameter, and xylem tissue development (Nii, 1980) , auxin content (Igoshi et al., 1971; Takahashi et al., 1975) , and ethylene production (Murata and Miyashita, 1970; Hyodo and Murata, 1972) . The following prominent morphological and physiological changes have been reported during 90 110 DAFB: (1) fruit growth is retarded and reaches the final stage of its sigmoid growth curve (Kubo and Hiratsuka, 1998) ; (2) the rind surface becomes smooth; (3) sucrose accumulation begins and citric acid content decreases sharply in the juice sacs (Kubo et al., 2001) In this paper, we have discussed how light condition affects fruit development over the long and short term, and attempted to clarify management methods for active fruit development under conditions of low solar radiation, by using quantitative research on fruit water and carbon balance during the greenhouse cultivation of Satsuma mandarin.
MATERIALS AND METHODS

Plant material
Seventeen-year-old, greenhouse-grown Satsuma mandarins (Citrus unshiu Marc.) were used in this study, with full bloom occurring on January 5, 2010, and harvest on July 5, 2010. Heating was started on November 28, 2009, and was stopped on May 19, 2010. Day/night temperature and irrigation were followed traditional practice. During shading treatment, from 50 to 123 DAFB, day/night temperature was set at 2°C/23°C. Heating was stopped at 121 DAFB, and the side of the greenhouse was opened.
Source-sink unit To quantify translocation from the source organs: the leaf and stem, for the sink organ: the fruit, a source-sink unit was defined in a previous report (Yano et al., 2012) . The unit defined in this study was generated as a shoot in August, 2009, and consisted of 2 fruits and 7 leaves.
Shading treatment
The treatments consisted of no shade (control) and 50% shade (shading) provided using silver polyethylene film. The film was suspended 2.5 3.7-m-high by using an arch-formed steel frame equipped in the greenhouse, from 50 to 123 DAFB. Three trees were sampled during each treatment.
Measurement of water and carbon dynamics
Measurements of gas exchange in leaves and fruits, fruit growth rate, and pedicel sap flux were conducted as described in a previous report (Yano et al., 2012) . Fruit transpiration (JWF) and fruit respiratory CO2 efflux under dark conditions ( J CO 2 ) were estimated by relationships shown in Figs. 1 and 2 a digital refractometer (PR-101, ATAGO Co., Ltd.). Acid content of fruit juice was measured by titration method. Fruit rind color was measured with a color meter (ZE2000, NIPPON DENSHOKU Co., Ltd.). Figure 3A and 3B indicate the long-term changes in environmental conditions ( Rs, cumulative solar radiation; Ta, air temperature).
RESULTS
Long-term effects of shading treatment and environmental factors on fruit growth
Rs during 0 49 DAFB until shortly before the shading treatment was 241 MJm 2 . Rs during 0 123 DAFB until shortly after the shading treatment were 780 MJm 2 in the control and 533 MJm 2 in the shading treatment (Fig. 3A) . Ta and Xy in shading showed quite similar patterns to those in the control ( Fig. 3B and 3C ). Figure 3D indicates the dry weights of leaf (DML), stem (DMS), and fruit (DMF) as the parts of a source-sink unit defined in a previous report (Yano et al., 2012) . Shading treatment affected both the depression of DMF increase and the decrease of DML and DMF (Fig. 3D) . Figure 3E and 3F indicate the long-term change in fruit growth. Fruit volume (VF) and increase in volume of the fruits (GRF) were restrained by shading treatment. The maximum GRF during shading treatment occurred at 105 DAFB and was caused by irrigation to relieve trees of severe water stress ( Fig. 3C and 3F ). Figure 4 indicates diurnal changes in environmental factors at 60, 71, and 120 DAFB. It was cloudy at 60 DAFB and was sunny at 71 and 120 DAFB (Fig. 4A C) . At 60 and 71 DAFB, Ta was in the range of 23 25°C (Fig. 4D and 4E) . At 120 DAFB, Ta was in the range of 23 30°C (Fig. 4F ). During the daytime, only at 60 DAFB, VPD decreased below 10 hPa. At both 71 and 120 DAFB, VPD increased in the daytime (Fig. 4E, 4F) , and a remarkable increase in VPD occurred at 120 DAFB (Fig. 4F ). There was not much effect of shading treatment for Ta and VPD (Fig.  4D F) . Figure 5 indicates diurnal changes in stomatal conductance (Gs), transpiration rate (TrL) and photosynthetic rate AL) in a leaf at 60, 71, and 120 DAFB. At 60 DAFB, a gradual raise of Rs in the late morning affected the increase in Gs, TrL, and AL, and these peak values were affected by shading treatment (Fig. 5A, 5D , and 5G). The diurnal changes in leaf gas fluxes at 71 and 120 DAFB showed similar patterns to those at 60 DAFB. However, the effect of shading was quite large in cumulative AL at the early fruit development stage (Fig. 5G I) . Figure 6 indicates diurnal changes in fruit water balance and fruit gas fluxes at 60, 71, and 120 DAFB. In fruit water balance, at 60 DAFB, GRF showed positive value in the daytime, was close to zero in the evening, and remained at a low level at night (Fig. 6A) . However, at 71 and 120 DAFB, GRF showed negative values in the daytime, Vol. 51, No. 1 (2013) increased at early afternoon, showed positive values in the evening, and maintained positive values at night (Fig. 6B and 6C) . GRF decreased by shading in the afternoon at 60 DAFB ( Fig. 6A ) and in the evening and the early night at 71 DAFB (Fig. 6B ). However, in general, GRF in shading showed similar patterns to the control. JWF was nearly zero during the entire day ( Fig. 6A and 6C ).
Short-term effects of shading treatment and environmental factors on fruit growth
In the fruit gas fluxes, AF, estimated by Ta and fruit respiratory CO2 efflux under light condition (J CO2 ) (Yano et al., 2012) , in shading showed a similar pattern to that of the control (Fig. 6D F) . J CO2 showed different diurnal patterns according to fruit growth stages. At 60 DAFB, J CO2 showed a relatively positive and stable value (Fig. 6G) . J CO2 changed its pattern at 71 DAFB, similar to GRF. Specifically, in GRF and J CO2 , negative peaks were observed in the late morning, and positive peaks were found in the early night in both control and shading treatments ( Fig. 6B and 6H) . At 120 DAFB, J CO2 showed low or nearly zero values for the whole day in both controle and shading treatments (Fig. 6I) .
The feature of fruit water balance Figure 7A and 7B indicate cumulative water balance in an intact fruit at 60, 71, 100, and 120 DAFB. The input of water balance, integrated phloem sap flux towards the fruit ( JPhlo) was reduced by shading treatment at 71 and 100 DAFB. Integrated xylem sap flux towards the fruit Environ. Control Biol. ( J Xy ) showed dynamic changes. J Xy showed similar values at 71 DAFB in both shading and control treatments. At 100 DAFB, the value of J Xy for the shading treatment was larger than that of the control, and at 120 DAFB, shading showed a smaller (more negative) value than the control (Fig. 7A) . The output of water balance, integrated pedicel sap flux towards the fruit ( JSap) ( JWF GRF), also showed dynamic changes. At 60 and 71 DAFB, JSap of the shading treatment was smaller than that of the control, and at 100 and 120 DAFB, JSap of the shading treatment was larger than that of the control (Fig. 7B) . A little more than 72% of sap fluxes through the pedicel in the control contributed to fruit expansive growth (Fig. 7B) , except 120DAFB which occurred the backflow from fruit towards pedicel, and more than 46% in the shading treatment contributed to fruit expansive growth (Fig. 7B) . JWF values were highest at 100 DAFB and were at low levels at 60 DAFB (Fig. 7B) .
The feature of fruit carbon balance Figure 7C and 7D indicate cumulative carbon balance in an intact fruit at 60, 71, 100, and 120 DAFB. The input of carbon balance, AF showed the lowest level at 60 DAFB, and the highest level at 120 DAFB. By contrast, integrated translocation for a fruit ( TL) showed the lowest level at 120 DAFB and the highest level at 100 DAFB (Fig.  7C) .
TL was decreased by the shade treatment at 60, 71, and 100 DAFB (Fig. 7C) . The output of carbon balance, J CO2 , were 5 30% of DMF (Fig. 7D) . Figure 8 indicates the relationship between translocation rate for a fruit (RTL) and J CO2 . A significant positive correlation (P 0.05) was detected between these parameters. Figure 9 indicates the relationship between RGRF and J CO2 . A significant positive correlation (P 0.01) was detected between these parameters.
Relationship between fruit development and fruit respiration
Fruit quality and yield Table 1 indicates the fruit quality and yield. In Brix, there was little difference between control and shading at 90 DAFB, but these parameters were significantly (P 0.05) higher in the control than in the shade treatment at both at 100 and at 180 DAFB. In titration acidity, similar change patterns were shown in both the control and shading treatments. In yield, a small decrease was shown by shading, but this difference was not significant. In rind color, a coloring delay clearly occurred in the shade treatment.
DISCUSSION
Water management is a key to producing high-quality Satsuma mandarin fruit (Kawano, 1984) ; therefore, it is very important to quantify fruit water balance.
In the present study, the major parts of sap delivered into the fruit differed in fruit growth stages; sap was delivered mainly by JPhlo at 71 DAFB and by J Xy at 100 DAFB (Fig. 7A) .
Phloem sap flux has been considered to occur via pressurized flow along sieve tubes and is supported by the respective processes of loading and unloading of sugars, osmotic influx of water to sieve tubes and unloading of sugars in sink organs (Patrick, 1997) . Such phloem transport from leaves to fruits is initiated by sugar supply from photosynthesis in source leaves and is terminated by postVol. 51, No. 1 (2013) phloem transport of sugars into the storage cells in fruits. At 71 DAFB, lower JPhlo in the shading treatment than in the control was explained by the difference of photosynthesis in source leaves (Fig. 5E ). Xylem sap flux to fruits is driven by a gradient of water potential from stem to fruits. At 100 DAFB, higher J Xy in the shading treatment than in the control was explained by the difference of Xy level (Fig. 3C) .
At 120 DAFB, J Xy showed negative values in both shading and control treatments (Fig. 7A) . This result indicates that sap backflow via xylem from fruit to pedicel occurred because of high VPD in the daytime (Fig. 4F) and low ( 0.8MPa) Xy (Fig. 3C) . In tomato, a similar occurrence of xylem sap backflow under water deficit was reported (Araki et al., 2004) . In addition, JPhlo showed positive values in both shading and control treatments (Fig.  7A ). This result indicates that appropriate water management was performed and that fruit water balance was considered to be in a good state.
A significant decrease in yield due to shading was not detected (Table 1 ), but we confirmed that shading treatment affected indicators of fruit quality, such as sugar accumulation, acid content, and rind color ( Table 1) . The low level of sugar accumulation and delay of fruit rind color due to shading resulted in a decrease in leaf photosynthesis (Fig.  5) and translocation from leaf to fruit. Translocation includes 2 physiological phenomena: translocation of the newly fixed carbon and of stored carbon originating in the leaf and stem. As the latter, in Fig. 3D , the decreases in DML and DMS by shading at 100 and 120 DAFB may be evidence of stored carbon translocation from the leaf and stem for a fruit. These results indicate that the Satsuma mandarin tree contains a large carbon pool for a high demand of fruit sink activity and alters carbon metabolism dynamically for fruit development, even if a lack of photosynthesis is caused by severe environmental conditions.
In fruit photosynthesis, AF showed highest values at 120 DAFB (Fig. 7C) . This result was partly explained by the increase in fruit volume rather than by fruit photosynthetic rate per unit volume. In some parts, for example growth-stage-specific changes, relative weakness of sink strength defined as carbon translocation from leaf to fruit may be considered.
According to Blanke and Lenz (1989) , fruit have an intermediate status between C3 and C4/CAM photosynthesis. Hiratsuka et al. (2012) indicated that mandarin rind actively assimilates CO2 both through photosynthesis and phosphoenolpyruvate carboxylase (PEPC), because fruit Environ. Control Biol. C and S indicate control and shading, respectively. J Xy , JPhlo, JWF, and GRF indicate integrated xylem sap flux, integrated phloem sap flux, integrated fruit transpiration, and integrated fruit growth rate, respectively. AF, TL, J CO2 , and DMF indicate integrated fruit photosynthesis, integrated translocation for a fruit, integrated fruit respiration, and dry matter of the fruit, respectively. bagging suppressed PEPC activity between 92 and 126 DAFB and reduced sugar content of the fruit at harvest. In several fruit, phosphoenolpyruvate carboxykinase (PEPCK) activity is positively correlated with organic acid reduction Walker et al., 2011) . In this study, we performed the shading treatment on the whole tree, not only on the fruit, and observed apparent reductions in both sugar and organic acid contents (Table 1) . In fruit development under such conditions, substantial restrictions in translocation from leaf to fruit, in carbon metabolism, and induction of gluconeogenesis from organic acid may occur; then, PEPC and PEPCK activities of fruit may play a key role for sugar accumulation and acid reduction. In grape, cherry, and tomato, there is evidence that gluconeogenesis from malate may occur (Halinska and Frenkel, 1991; Leegood and Walker, 1999) .
In source organs such as leaf, some research has illustrated relationships between the rate of translocation and the rate of dark respiration (Ho and Thornley, 1978; Hendrix and Grange, 1991) . However, little research was found regarding the relationship between the growth rate of sink organs and the rate of dark respiration. Hirai et al. (2010) examined the cost of dark respiration for rice panicle growth by using a panicle-chamber system. In this study, we confirmed the relationship between fruit growth and the rate of dark respiration.
The slope value in the relationship between translocation and dark respiration rates in fruit, which indicates the cost of dark respiration for sink growth rate, were 0.22 0.28 in rice panicles (Hirai et al., 2010) and 0.29 in Satsuma mandarin fruit (Fig. 8) . A similar result was observed in the relationship between fruit RGR and dark respiration (Fig. 9) . Therefore, rice panicle and Satsuma mandarin fruit showed a similar cost of dark respiration for sink growth. However, the data ranges for the rates of both sink growth and dark respiration were different between the species. For example, sink-RGRs of rice panicle (Hirai et al., 2010) and Satsuma mandarin (Fig. 9) were 0.045 0.115 g g 1 d 1 and 0.005 0.015 g g 1 d 1 , respectively, illustrating that the sink-RGR of Satsuma mandarin was much smaller than that of the rice panicle.
The overall conversion efficiency (Y) the percentage of carbon accumulated as dry matter that is incorporated into fruit is shown in Table 2 . These estimated values of Y were comparable to the values observed for tomato (Walker and Thornley, 1977) , rabbiteye blueberry (Birkhold et al., 1992) , and cotton (Hesketh et al., 1971) , and were lower than the values observed for cucumber (Tazuke and Sakiyama, 1991) and peach (DeJong and Walton, 1989) . The values of Y in this study were not clearly affected by shading during 30 120 DAFB.
Our results suggest that, in qualitative terms, the carbon balance of Satsuma mandarin fruit is comparable to that of tomato fruit or rice panicles, but that in quantitative terms, the carbon balance of Satsuma mandarin fruit differs, as shown by low sink-RGR. In addition, fruit growth parameters such as RTL and RGRF showed significant positive correlations with dark respiration despite the shading treatment (Figs. 8 and 9 ). The fruit carbon demand (or fruit sink activity) may be simply described by fruit dark respiration as the sum of newly photosynthetic carbon and stored carbon translocation for a fruit.
Finally, recommended management practices for active fruit development under conditions of low solar radiation is as follows: (1) to achieve adequacy of the lightreceiving environment: use clear ceiling vinyl and reflective material, and optimize both leaf area index (LAI) and stock absorptivity coefficient; (2) to increase carbon storage: lengthen the non-fruit-bearing period or shorten the harvest period; (3) to reduce carbon waste: achieve early fruit thinning and precise water management to avoid producing over-sized fruit with low sugar content.
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